We have carried out structure-function studies on the cytoplasmic membrane protein, SecE, a component of the Escherichia coli secretion machinery. SecE, along with SecY, form a complex in the cytoplasmic membrane essential for protein translocation. By directed mutagenesis, we altered highly conserved residues of the second cytoplasmic domain (CD2) and of the COOH-terminal periplasmic region (PD2) of SecE. These mutants, as well as previously constructed mutations in the third membrane-spanning segment of SecE (MSS3), were tested for their ability to complement a secE null mutation, for their effects on protein export in vivo, and for their ability to form a stable complex with SecY. Most single mutations at the conserved positions in CD2 caused secretion defects, but had little effect on growth at 37°C. Double mutations in CD2, or the introduction or removal of proline residues, affected growth and protein translocation more severely. Co-immunoprecipitations of SecE and SecY revealed that all mutant proteins, except those altered in PD2, destabilized the SecESecY complex. These results suggest that several regions contribute to the formation of a stable SecE-SecY complex but the elimination of a single contact point does not necessarily affect the functionality of the complex.
We have carried out structure-function studies on the cytoplasmic membrane protein, SecE, a component of the Escherichia coli secretion machinery. SecE, along with SecY, form a complex in the cytoplasmic membrane essential for protein translocation. By directed mutagenesis, we altered highly conserved residues of the second cytoplasmic domain (CD2) and of the COOH-terminal periplasmic region (PD2) of SecE. These mutants, as well as previously constructed mutations in the third membrane-spanning segment of SecE (MSS3), were tested for their ability to complement a secE null mutation, for their effects on protein export in vivo, and for their ability to form a stable complex with SecY. Most single mutations at the conserved positions in CD2 caused secretion defects, but had little effect on growth at 37°C. Double mutations in CD2, or the introduction or removal of proline residues, affected growth and protein translocation more severely. Co-immunoprecipitations of SecE and SecY revealed that all mutant proteins, except those altered in PD2, destabilized the SecESecY complex. These results suggest that several regions contribute to the formation of a stable SecE-SecY complex but the elimination of a single contact point does not necessarily affect the functionality of the complex.
A number of features of protein secretion are conserved among prokaryotes and eukaryotes. Extracytoplasmic proteins are usually synthesized with structurally and functionally similar NH 2 -terminal signal sequences (1) (2) (3) . In addition, the core translocation machineries in these different organisms share a specific pair of membrane-imbedded proteins that appears to be central to the facilitation of passage of proteins through the membrane (4) . The SecE and SecY proteins of Escherichia coli and other bacteria are homologues or analogues of similar proteins in Saccharomyces cerevisiae and in mammals (4, 5) . SecE and SecY, as well as their mammalian counterparts Sec61␣ and Sec61␥ have been isolated as a complex (6) , and genetic evidence for the interaction of the yeast homologues, Sec61p and Sss1p, has also been obtained (7) . Furthermore, the complexes from mammals and from E. coli are essential for the translocation of polypeptides into reconstituted proteoliposomes (6, 8, 9) . These proteins may constitute a hydrophilic pore in the lipid bilayer that allows translocation to take place (10) . A third membrane protein, SecG, found associated with the SecE-SecY complex in E. coli (11) , may be a functional homologue of Sec61␤ and Sbh1p, third membrane components of the mammalian and yeast machinery, respectively (6, 12) . In addition to these shared features, bacteria express cellular components that are homologous to subunits of the eukaryotic signal recognition particle (13) . These molecules have been proposed to contribute to the targeting of some exported proteins to the translocation machinery (14) .
Genetic studies suggest that the SecE and SecY proteins are essential for E. coli viability, while SecG, as well as the two membrane components, SecD and SecF, are only essential under certain growth conditions (15) (16) (17) (18) . In this paper we have focused on the two essential proteins, SecE and SecY. Certain mutations in secE and secY result in very severe defects in protein export (15, 19) . Another class of mutations in these genes, the prlA mutations in secY and the prlG mutations in secE, alter the secretion machinery so that proteins with defective, or missing, signal sequences can be exported (20, 21) .
Considerable evidence indicates that SecE, SecY, and SecG form a complex in the E. coli cytoplasmic membrane. The three membrane components can be co-purified or co-immunoprecipitated with an antibody to each of the proteins from solubilized membrane preparations (9, 11) . Furthermore, while SecY is ordinarily unstable when overproduced, co-overexpression of SecE stabilizes the protein (22) . The synthetic lethality of combinations of certain prlA and prlG alleles has also suggested an interaction between SecE and SecY (23) . Studies on the topology of these two proteins indicate that SecY has 10 membranespanning segments, while SecE has three (see Fig. 1 ) (15, 24) .
SecE is an attractive subject for genetic structure-function studies because of its small size. We have shown that much of SecE is not essential for its function. Deletion of the first two membrane spanning segments, or of much of the carboxylterminal periplasmic domain, does not eliminate the ability of the constructs to complement a secE null mutation (15, 25) . From our genetic studies, we have concluded that the features of SecE that are essential for its function are 1) a distal portion of the second cytoplasmic domain (CD2), which includes a sequence motif highly conserved among prokaryotes ( Fig. 1) and 2) the membrane spanning segment (MSS3) following CD2 (5) . The specific sequence of MSS3 appears not to be essential for SecE function, since an unrelated membrane spanning segment can substitute for MSS3 without eliminating the activity of the protein (5). In addition, there is an aspartic acid residue in the second periplasmic domain that is conserved in all bacterial homologues of secE (5) . In order to further define the essential residues of SecE, we have mutagenized a number of the conserved residues of this protein and analyzed the effects of these mutations on several aspects of SecE function. * This work was supported by a National Institute of General Medical Sciences grant (to J. B.) and Genentech postdoctoral support and a Deutsche Forschungsgemeinschaft research scholarship (to M. P.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. (26) . The presence of this plasmid confers resistance to kanamycin and makes the strain sensitive to streptomycin, allowing selection against the plasmid in the presence of the latter antibiotic as described previously (26) . Strain CM263 was used to determine whether the plasmids encoding mutant versions of secE (Table I) could complement a chromosomal deletion of secE. These plasmids were introduced into strain CM263 and tested for complementation by streaking out for growth on NZ-amine (Quest Int., New York) agar medium (27) with ampicillin (100 g/ml) and streptomycin (1.5 mg/ml) at 37°C. Plasmids that allowed strain CM263 to grow under these conditions were considered to encode a version of SecE that could complement a chromosomal deletion. In these experiments, strain CM263 was streaked out as a control. While complementing plasmids allowed full growth of a streaked colony on plates containing streptomycin, CM263 yielded only a few colonies in the top part of the streak. Strain DHB4 has been described previously (28) . E. coli strain JP312 (MC4100, ara⌬714) was used for SecE-SecY co-immunoprecipitation and SecY stability assays. Strain MC4100 has been described (29) . The strain was grown at 37°C in M63 medium supplemented with 18 amino acids (30) and with maltose (0.4% final concentration) as a carbon source. E. coli strain MM4, containing the MalE signal sequence mutation malEss18 -1 (31) , was used to determine the Prl phenotypes of SecE constructs. The strain MM4 was transformed with pJS51, pJS70, pCM50, pCM70, or pMP93 and grown on MacConkey plates at 30°C (30) or M63 medium supplemented with 0.2% maltose at 30 and 23°C, respectively. Strains carrying prl alleles appear dark red on maltose MacConkey plates and grow faster than strains carrying wild-type secE at 23 and 30°C on maltose minimal medium.
MATERIALS AND METHODS

Bacterial
pBAD22 is a pBR322-based plasmid, carrying araC, bla, and the araBAD promoter upstream of an optimized Shine-Dalgarno sequence followed by a multiple cloning site (32) . The pBAD22 derived plasmid, pHAEY, has an influenza hemagglutinin epitope-tagged secE (HASecE) followed by wild-type secY cloned into the multicloning site (33) . The mutations in secE present in plasmids pCM50, pCM70, pCM402, pCM414, pCM413, pCM411, pJS79, pJS80, pJS81 (Table I) were subcloned into pHAEY using secE-derived PCR 1 fragments from these plasmids, yielding plasmids pMP8, pMP9, pMP86, pMP87, pMP88, pMP89, pMP90, pMP91, and pMP92, respectively. The primers for the PCR reactions were the 5Ј primer SX1 (5) and the 3Ј primer HA1 (5ЈGGGGGGCAGTCGACTCAGAACCTCAGGCCAGTG 3Ј). The polymerase chain reaction using these primers yielded a PCR product that encodes a fragment of SecE and introduced an AccI site at the 5Ј end. The fragments were cut with AccI and HpaI and then cloned into AccI/HpaI-cut pHAEY. These constructs enabled us to distinguish between chromosomally encoded wild-type SecE and plasmid encoded mutant SecE proteins. Furthermore, it allowed us to initiate expression just minutes before labeling and harvesting of the cells, decreasing secondary effects of membrane protein overexpression.
pMP93 was constructed by cloning a PCR-generated fragment of secE from pCM411 (see below) using primers BR and SX1 into pJS51 (Table I) .
Construction of Mutant secE Alleles-Plasmid pCM41 is a derivative of pPM30 (34) that contains a pSC101 origin of replication, encodes ampicillin resistance, and has a wild-type copy of the secE gene coding sequence, but carries the secEcs15 mutation which reduces the effectiveness of its ribosome binding site (15) . The secEcs15 mutation, when located on the chromosome, confers a cold-sensitive phenotype characterized by growth at 30°C, but not at 23°C. To construct this plasmid, the NaeI-AseI fragment of pBluescript SKϩ (Stratagene, La Jolla, CA) was ligated to pPM30 that had been digested with EcoRI and filled in with T4 polymerase. Next, a KpnI-EagI fragment from pJS51 was ligated to KpnI-and EagI-digested pPM30. The level of expression of secE from this plasmid was tested by cloning the hybrid gene encoding a SecE:: alkaline phosphatase fusion (SecEf119 (35) ) in place of the wild-type secE coding sequence of pCM41 (plasmid pCM82). The alkaline phosphatase moiety of this fusion protein is localized to the periplasm, and the hybrid's activity has been characterized when expressed in cells from the chromosome (15) . Comparison of alkaline phosphatase activities in cells harboring high copy pJS70 and low copy pCM82 revealed that secE expression from the latter was approximately two times the estimated expression level of chromosomal secE (15) . In addition, complementation of the secE⌬19 -111 deletion of strain CM263 revealed that expression of secE from pCM41 (secEcs15) was sufficient to allow growth at 30°C but not at 23°C (similar to the phenotype of secEcs15), further suggesting that expression from pCM41 was low. Mutant alleles of secE carried on the low copy pCM41 plasmid system described above were constructed by using primers randomized for amino acid positions corresponding to the conserved residues of SecE (5) as described previously (26) . The mutagenized plasmids were transformed into a SecE ϩ strain, DHB4. Plasmids containing mutations that caused amino acid substitutions at the conserved positions were detected by DNA sequence analysis of plasmids from a number of transformants. All mutants detected in this way were further studied for complementation by transformation into strain CM263, as described below. Thus, at this step, any mutant detected was studied, no matter what its phenotype was in the complementing analysis.
Additional secE alleles, described in previous work, were introduced into an appropriate plasmid for these studies by first creating a plasmid pCM41A, deleted from secE nucleotide 231 to nucleotide 407 (downstream of the secE stop codon). This construction effectively removes most of the coding sequence for the CD2 domain and the carboxylterminal portion of SecE and generates a unique BsiWI site at the point of deletion. PCR-generated fragments (created by using a 3Ј primer encoding a BsiWI site and the 5Ј primer SecE1 (5)) containing the mutation(s) of interest were then cloned into this BsiWI site using BsiWI and KpnI (note that the use of this method results in a silent ACC to ACG change at codon 77). All constructs were verified by DNA sequence analysis. Plasmid pCM437 was constructed by amplifying the sequence encoding SecE::MalF-MSS1 (using a 3Ј oligonucleotide primer encoding the BsiWI site) and subsequently cloning this into pCM41A using BsiWI and KpnI. Plasmid pCM448 was constructed by amplifying the entire coding sequence from plasmid pJS82 (15) using the primers SecE1 and T3 (5) and cloning into pCM41A using MluI and KpnI. The mutant form of SecE encoded on this plasmid is expressed from the wild-type secE upstream region.
The ability of various mutations to complement for SecE function was tested by transforming the mutant allele of interest (on pCM41) into CM263 and then assaying whether the mutant plasmid allowed for the loss of pCM10K, at 37°C as described previously (26) . For still unresolved reasons, the plasmid pCM70 allowed for loss of pCM10K at 30°C only, even though, upon restreaking, it could complement the deletion of secE on NZ-amine as well as on minimal agar medium at 37°C. Strains containing plasmids that did complement were then tested at 30 and 42°C, and their growth compared with that of the control strain CM263 (pCM41). The diameters of representative colonies were measured after growth on minimal or NZ-amine agar plates at different time points (see Table II ). No temperature-sensitive phenotypes were observed at 42°C.
All enzymes used for molecular genetic techniques were purchased from New England Biolabs (Beverly, MA), and standard protocols were described in Maniatis et al. (36) . PCR amplification was done with Vent DNA polymerase (New England Biolabs, Beverly, MA) following standard procedures. DNA sequence analysis was performed using Sequenase (U. S. Biochemical Corp.) according to the manufacturer's instructions. Template DNA was either plasmid DNA or agarose gel-purified (Seaplaque, FMC, Rockland, ME) PCR fragments.
Co-immunoprecipitation Studies-Strain JP312 was grown to midlog phase in M63 medium on glucose after which HA-SecE and SecY protein expression was induced for two minutes by the addition of arabinose (1% final concentration). Cultures were then labeled with [ 35 S]methionine (30 Ci/ml) (Amersham Corp.) for 3 min. Cells were harvested by centrifugation (3000 ϫ g for 15 min at 4°C), resuspended in 200 l of 50 mM Tris-Cl, pH 7.5, supplemented with 10% sucrose, and stored at Ϫ20°C. The pellets containing the membrane fraction were prepared by a modification of the method of Joly et al. (33) . Cells equivalent to a 5-ml culture were thawed and EDTA (to 10 mM) and lysozyme (to 0.3 mg/ml) were added. After 10 min at room temperature, 1.8 ml of ice-cold dH 2 O was added. RNA and DNA were digested for 5 min at room temperature by the addition of DNase I and RNase A (each at 5 g/ml) in 20 mM MgCl 2 . Samples were then centrifuged at 3000 ϫ g at 4°C for 5 min. The pellets were resuspended in 100 l of Tris buffer (50 mM Tris, pH 7.5, 10 mM EDTA). Nondenaturing solubilization of the membranes and immunoprecipitation of HA-tagged SecE constructs were performed as described by Joly et al. (33) .
SecY Stability Assay-Cells were grown and induced with arabinose as described above. Three minutes after induction, cells were labeled with [ 35 S]methionine (30 Ci/ml) for 20 s and chased for varying amounts of time with cold methionine. Protein isolation and immunoprecipitation of SecY was performed as described by Taura et al. (37) , except that Lubrol buffer was replaced with Tris buffer (2% Triton X-100, 150 mM NaCl, 50 mM Tris, pH 8, 1 mM EDTA).
Steady state concentrations of SecY and HA-tagged SecE were determined by removing aliquots upon induction with arabinose. Whole cell protein preparations were trichloroacetic acid-precipitated as described by Taura et al. (37) . Proteins were then denatured and separated by polyacrylamide gel electrophoresis using high-Tris SDS-polyacrylamide gels, as described by Brundage et al. (38) . Proteins were subsequently transferred from polyacrylamide gels to a nitrocellulose membrane (Schleicher and Schuell) at 100 V for 1 h with a Hoefer Scientific Instruments (San Francisco, CA) apparatus. Membranes were incubated for 12 h at 4°C with a 1:500 or 1:10,000 dilution of anti-SecY or anti-HA antiserum, respectively, and developed using the ECL Western detection system (Amersham).
Protein Secretion Analysis-The secretion kinetics of maltose-binding protein (MBP), the DegP protease, and of the outer membrane protein OmpA were carried out as described (39) using anti-MBP, anti-DegP, and anti-OmpA antibodies, respectively.
Reagents-Lysozyme was purchased from Sigma and IgGsorb was purchased from the Enzyme Center (Malden, MA). Antiserum against SecE CD2 has been described (15); monoclonal antibody 12CA5a (anti-HA antibody) and anti-SecY NH 2 -terminal antibodies were a gift from W. Wickner; anti-OmpA was kindly provided by Carol Kumamoto; antiserum which recognized both MBP and DegP was prepared by K. Strauch (39) .
RESULTS
Effects of Mutations at Evolutionarily Conserved Positions on
SecE Function-The second cytoplasmic domain of SecE (CD2) contains several amino acids that are highly conserved in eubacterial SecE homologues (Fig. 1) . Replacement or deletion of the conserved motif domain renders SecE nonfunctional (5) . To assess the role of the conserved residues in this motif, as well as in the second periplasmic domain (PD2), we have constructed plasmids that carry secE with single or double mutations in CD2 or in the single conserved amino acid (aspartate 112) in PD2. All plasmids were constructed using oligonucleotide mu- 
a Growth was determined on M63 minimal agar plates supplemented with glucose and thiamine after 72 h of growth at 30°C.
b Growth is indicated as relative colony size; Ϫ, no growth; ϩ/Ϫ, 0.5-1.25 mm; ϩ, 1.5-2 mm.
c Growth was determined after 72 h at 30°C on NZ-amine plates. d Growth was determined after 24 h at 37°C on NZ-amine plates. e Relative amounts of precursor were determined after a 20-s pulse with [
35 S]methionine as described under "Materials and Methods." ND, not determined. tagenesis as described under "Materials and Methods." Randomized mutagenesis of individual conserved positions yielded a collection of mutants containing single amino acid changes. This collection was first assembled after transformation into a strain with a wild-type chromosomal secE gene, so that no selection was made against mutants with any particular phenotype (except for dominant lethals).
We were concerned that any altered phenotype conferred by mutant alleles of secE might be masked by high level expression from multicopy plasmids. Therefore, we expressed the mutations at near chromosomal levels utilizing a low copy number plasmid (pCM41, a pSC101 derivative) in which expression of secE was reduced by inclusion of a mutation (secEcs15 (15) ) that lowers the efficiency of secE translation initiation. Two times more SecE is expressed from this plasmid than from chromosomal secE at 37°C (see "Materials and Methods").
The ability of these plasmids to complement a chromosomal deletion of secE was tested in the secE deletion strain CM263 (26) . Complementation was examined at 37 and at 30°C. We used different temperatures because secretion defects are often stronger at lower temperatures (39) . Although most single amino acid changes in CD2 had a marked effect on SecE function, resulting in the inability to grow on minimal agar medium at 30°C, several had little or no effect (Table II) . The two single mutations that resulted in the strongest effects on growth were changes to or from a proline (E78P, P85V). However, all single mutations at these highly conserved positions could complement the secE deletion at 37°C. We also constructed combinations of mutations and determined their complementation properties. The double mutants, in general, had stronger growth defects than the single mutants. Two strains containing secE alleles with more severe mutations, E78P and E78A ϩ W84A, were also unable to grow in liquid minimal medium at 37°C. The significance of the ability of several mutations to complement on NZ-amine, but not on minimal medium is not known.
Furthermore, we examined strains carrying mutant secE alleles for secretion defects. In pulse-chase experiments, most single mutations resulted in slower processing (signal sequence cleavage) of MBP and OmpA, the two proteins studied. The double mutants, in general, exhibited stronger secretion defects ( Fig. 2/ Table II) .
The mutation D112P, a proline substitution at the conserved aspartic acid residue in PD2, resulted in a strong growth and secretion defect (Fig. 2/Table II) . In contrast, the alteration of this conserved amino acid to glutamine had no effect on SecE function. However, this mutation did result in a PrlG phenotype. Strain MM4, which expresses MBP containing a defective signal sequence exports more MBP when transformed with pMP93 (which encodes SecE D112Q) than when transformed with pJS51 (encoding wild-type SecE), as evidenced by colony color on maltose MacConkey plates and growth on maltose minimal plates. MM4 harboring plasmids encoding SecE⌬78 -90, SecE::MalF-MSS1, and SecE with a carboxyl-terminal alkaline phosphatase fusion ( Fig. 1) did not confer PrlG phenotypes.
Effects of Alterations of the Third Membrane-spanning Segment of SecE on Function-
We have reported previously that two SecE mutants (SecE::MalF-MSS1), in which the third membrane spanning segment (MSS3) is replaced with an unrelated MSS from the MalF protein, and (SecE⌬7-78), which lacks its first two membrane spanning segments, are able to complement a secE deletion strain for growth (5, 15) . Since these derivatives were highly expressed in these studies, we tested whether complementation would also occur when these proteins were expressed at near chromosomal levels. In contrast to its behavior at high copy, when expressed at low levels, SecE::MalF-MSS1 failed to complement a chromosomal secE deletion on minimal or rich media at 30 and 37°C (Table II) . Furthermore, cells expressing SecE::MalF-MSS1 even at high levels, exhibited a severe secretion defect (Fig. 3) . In contrast, SecE⌬7-78 complemented as well as wild-type at low copy at 30 and 37°C (Table II) .
Effects of secE Mutations on SecE-SecY Complex Formation-SecE and SecY (along with SecG) form a complex in the E. coli cytoplasmic membrane and can be co-immunoprecipitated (8, 9) . To identify regions of SecE that enable it to interact with SecY, we determined whether various secE mutations affected complex formation. The mutations examined included alterations in the CD2 or PD2 domains (Table II) , the CD2 deletion described previously (5), the MSS3 replacement construct, and prlG mutations located in either MSS3 or PD2. Since several of these mutations cannot complement a deletion strain, experiments were performed using cells that express wild-type SecE. To distinguish between SecY complexed with wild-type SecE and mutant SecE derivatives, we cloned the genes for the latter into a plasmid (pHAEY (33) ) that positions an influenza hemagglutinin (HA) tag at the amino terminus of SecE. This plasmid also expresses SecY. When wild-type secE was cloned into this plasmid, immunoprecipitation of SecE with antibody to the HA epitope also resulted in precipitation of SecY.
The cytoplasmic domain CD2 is essential for the formation of a stable SecE-SecY complex as indicated by the failure of HAtagged SecE with a deletion of CD2 (secE⌬78 -90) to co-immunoprecipitate with SecY (Fig. 4) . In addition, the overproduction of this protein fails to stabilize overproduced SecY as efficiently as the overproduction of HA-tagged wild-type SecE (Figs. 5 and 6 ). Most single and double mutations in CD2 either eliminated or drastically reduced the ability of SecE and SecY to be co-immunoprecipitated (Fig. 7) .
MSS3 of SecE also appears to play a role in complex formation, since immunoprecipitation of the replacement construct, SecE::MalF-MSS1, does not co-immunoprecipitate any SecY (Fig. 4) . Furthermore, SecE with a mutation in MSS3, prlG1 (L108R), allows only partial co-immunoprecipitation of SecY. Whereas in the case of prlG1 there is a clear reduction in the amount of SecY in these experiments, overlap of SecE and another band (possibly SecG) in the case of prlG2 (S105P) (15, 21) , makes it more difficult to estimate the relative amounts of SecE and SecY (Fig. 7) .
In contrast, two mutations in PD2 had no effect on the ability of SecE and SecY to be co-immunoprecipitated. The mutations D112Q (prlG112), which alters the conserved aspartic acid in this domain, and S120F (prlG3) had no discernible effect on complex stability (Fig., 7) . While another mutation, D112P, had strong effects on the function of SecE, the results with D112Q indicate that this specific residue is not essential for SecE activity. The properties of D112P and the role of the aspartic acid are evaluated under "Discussion."
DISCUSSION
Role of the Second Cytoplasmic Domain of SecE-Previous
genetic analysis of the E. coli secE gene suggested that the essential regions of SecE were its second cytoplasmic domain (CD2) (5), a membrane-spanning segment following this domain (MSS3) (5, 25) , and portions of the second periplasmic domain (PD2) of the protein (23) . The CD2 domain contains amino acids that are conserved in all SecE homologues found in a range of bacterial species (5). When CD2 is deleted from SecE or replaced by a cytoplasmic domain of an unrelated protein, SecE is rendered totally nonfunctional (5). Of the conserved amino acids, we have altered F71, E78, K81, W84, and P85. In addition, we have constructed double mutants and examined the phenotypic effects of both single and double mutants.
We have assayed three properties of the mutant SecE proteins: 1) their ability to restore growth to strains deleted for secE (Table II) ; 2) their ability to restore normal secretion to secE deleted cells (Table II, Fig. 2) ; and 3) the ability of altered SecE to form a stable complex with SecY (Figs. 4 and 7) . 1) All single and double mutations of the highly conserved amino acids in CD2 cause some alteration in the phenotype of cells. While all restore viability to a secE-deleted cell, certain mutant secE alleles result in significant growth defects at 37°C. Most of them fail to restore growth at 30°C. We have shown previously that slight secretion defects are stronger at lower temperatures, due to an as yet undefined cold-sensitive step in the   FIG. 6 . Stability of overproduced SecY. Cells containing plasmid pHAEY (wild-type), pMP8 (SecE⌬78 -90), or pMP9 (SecE::MalF-MSS1) were grown to mid-log phase and induced with arabinose for 2 min. Cells were then pulse-labeled with [ 35 S]methionine for 20 s, and chased with unlabeled L-methionine for different periods of time; the reactions were stopped by mixing the preparations with TCA. Approximately equal levels of radioactivity of SDS-solubilized total proteins were used, and SecY was immunoprecipitated and subjected to SDS-PAGE and autoradiography. The numbers at the top indicate the lengths of the chase periods (in seconds and minutes). Cells were grown to mid-log phase and induced with arabinose. Samples were removed at indicated times and protein was precipitated with 5% trichloroacetic acid as described under "Materials and Methods." Cell-equivalent amounts of protein were dissolved in 2% SDS and subjected to SDS-PAGE, followed by immunoblot analysis with anti-SecY and anti-HA antisera. SecE::MalF-MSS1 and wild-type SecE have similar M r positions. secretion pathway (39) .
2) A strain depleted of SecE in a secE deletion background exhibits effectively a complete block in protein secretion (40) . In this study, most single mutations in CD2, while blocking protein export to some extent, do not show a complete block. In general, the double mutations affect export more severely.
3) Ordinarily, antibody against SecE will co-immunoprecipitate SecY (and SecG) in cell extracts. However, immunoprecipitation of a SecE protein with a CD2 deletion does not coprecipitate SecY (Fig. 4) . Furthermore, while growth and secretion defects of secE CD2 point mutants varied from none to moderate, the single and double mutants tested showed significantly reduced ability to form or maintain a stable SecESecY complex (Fig. 7) . The E78A single mutant and the F71A ϩ E78A double mutants prevented the detection of any complex, while the F71A ϩ K81A double mutant exhibited a strong reduction in the co-immunoprecipitation of SecE and SecY.
We can postulate at least three different functions for SecE CD2 and its conserved amino acid motif. First, the sequence of CD2 may contribute to interactions of SecE with SecY and SecG to allow formation of the complex. Second, CD2, which has the potential to form an amphipathic helix (5), may be an integral feature of the translocase. Third, this domain might be a site of modification of SecE. Our results make the last hypothesis unlikely. If the essential feature of this region is its modification, we might have expected that mutations that eliminate a conserved amino acid that serves as the site of modification would have the properties of a null mutation. None of the alterations of the highly conserved amino acids have this property.
The simplest interpretation of our results is that the conserved aminoacyl side chains are the contact points for the interaction of SecE with SecY, resulting in the stable membrane protein complex. In the absence of one residue involved in the interaction, the complex is unstable, and the remaining interacting residues form a weaker transient complex that allows growth and slower export. Thus, eliminating only one contact, in most cases, does not have a strong effect on protein export. Disruption of the motif by altering two contacts, in some cases, results in more pronounced export defects. In addition, mutations with potentially strong effects on the secondary or tertiary structure of this domain such as replacement of a proline residue or introduction of an additional proline residue, have more severe defects in complementation.
The CD2 mutants we have examined are viable and carry out protein export to varying degrees. However, immunoprecipitation of these mutant SecE proteins co-immunoprecipitate little or no SecY, in contrast to wild-type SecE protein (Fig. 7) . These findings suggest either that there are fewer or no SecE-SecY complexes in these strains or that the complex is less stable and dissociates during the procedure used for immunoprecipitation. We favor the latter explanation based on the assumption that the complex is essential for protein export and growth of E. coli. At any rate, the assay for the presence of a SecE-SecY complex clearly provides a very sensitive indicator of slight defects in the export apparatus. Attempts to detect the complex in secE mutant strains by altering conditions of the immunoprecipitation procedure have, so far, proved unsuccessful. 2 Role of the Third Membrane-spanning Segment of SecE-We have proposed previously that the main function of MSS3 is to act as a membrane anchor for the essential CD2 domain (5, 41). Here we report that the replacement of MSS3 with the unrelated MSS from MalF results in a SecE construct that complements a secE null mutant for growth when present at high copy number, but does not complement at low copy number. Even at high copy number, while complementing for growth, the SecE::MalF-MSS1 construct results in a severe export defect (Fig. 3) . Furthermore, SecY is not co-immunoprecipitated as efficiently with this altered SecE protein and a protein altered at a single amino acid in MSS3 (PrlG1 (secEL108R)) as with the wild-type SecE protein (Fig. 7) . The MSS3 replacement construct is also less effective at protecting SecY from proteolytic digestion. Thus, the specific sequence making up the MSS3 of SecE is not essential for the function of this protein, but does appear to contribute to the stability of the SecE/SecY interaction.
Role of the Second Periplasmic Domain of SecE-The only mutations in secE that allowed efficient co-immunoprecipitation of SecE and SecY were prlG112 (secED112Q) and prlG3 (secES120F). Both of these mutations are in PD2. The aspartic acid, which is altered in the former mutant, is conserved among eubacterial SecE proteins. From the topological analysis of SecE, this amino acid would appear to be at the boundary between MSS3 and the second periplasmic domain of the protein. Alteration of aspartic acid to glutamine did not affect the function of SecE in protein export nor the stability of the SecE-SecY complex. Its presence at the carboxyl end of MSS3 may help maintain the appropriate charge balance across this MSS, which plays a role in the orientation of MSSs, in general (42, 43) . However, it is clearly not essential to the efficient functioning of SecE. Yet, a mutation that alters the same aspartic acid to proline does result in defects in growth and secretion. Again the introduction of proline right at the end of MSS3 may have severe distorting effects on the secondary structure of the protein in that region and, thus, on the arrangement of this MSS.
Flower et al. (23) have argued that SecE PD2 interacts with the first periplasmic domain (PD1) of SecY. Our results do not contradict this conclusion, since the nature of this interaction has not been characterized. It is possible that the interaction proposed is important for function, but not for the stability of the SecE-SecY complex. However, we have doubts as to the essentiality of this region since analysis with alkaline phosphatase fusions to SecE and our demonstration here that the aspartic acid is not essential indicate that, at most, three amino acids in this domain could be required for SecE function. A SecE-PhoA fusion containing only the first four amino acids of PD2 (beginning with D112) still complements a secE deletion strain (15) .
A Model for the Interaction of SecE and SecY-Our results lead to a picture of the function of the different domains of SecE and how SecE interacts with SecY. First, they suggest that the stability of the SecE-SecY complex is dependent on at least two different domains of the protein, the second cytoplasmic domain and MSS3. The conserved amino acids in CD2 and the specific sequence of MSS3 contribute to this interaction. The difference between the two domains is that CD2 appears to be absolutely essential for SecE function, while MSS3 is not. Replacement of CD2 with an amino acid sequence of similar length corresponding to a cytoplasmic domain of MalF yields a completely nonfunctional protein, while replacement of MSS3 yields a partly functional protein (5) . The CD2 domain may interact with a cytoplasmic domain of SecY, perhaps CD4 of SecY as suggested by Baba et al. (44) . The MSS3 domain may interact with one of the MSSs of SecY.
The presence of multiple domain contacts between SecE and SecY can explain the complementation properties of SecE:: MalF-MSS1. At low copy number, the CD2 contact is not sufficient for maintenance of enough stable SecE-SecY complex for secretion and growth. At high copy number, mass action allows the steady state concentration of the complex to reach levels high enough to allow cell survival.
A remaining question about CD2 is whether its only function is to help stabilize a SecE-SecY complex and thus contribute to its final structure or whether it also contributes more directly to the protein translocation activity of the complex. For instance, the potential amphipathic helix nature of CD2 might be important in the formation of a pore.
Sequences that include the first two MSS of SecE might also contribute to the stability of the SecE-SecY complex. While deletion of this amino-terminal region yields a SecE protein that is still functional, even at low copy number, the SecE⌬7-78 protein does not fully complement a chromosomal secE deletion (15) . It is curious to note that E. coli is the only organism so far to produce a SecE with three MSSs (5); all other bacteria code for a SecE with only one MSS (corresponding to MSS3 of E. coli SecE).
One caution to consider in interpreting results of these mutational analyses is that the alterations we have generated in different domains of SecE may be interfering with formation of the SecE-SecY complex indirectly. For instance, replacement of MSS3 may somehow change the positioning of the cytoplasmic domain so that it is less effective as a site of interaction with SecY. This may appear reasonable for the replacement construct, but even the much less dramatic amino acid substitution we have studied in MSS3 affects the SecE-SecY complex. Thus, we think that the simplest explanation for all of our results is that we are observing direct effects on the SecE-SecY complex.
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